Abstract: InP-etched facet ridge lasers emitting in the optical C-band are heterogeneously integrated on Si substrates by microtransfer printing for the first time. 500 μm × 60 μm laser coupons are fabricated with a highly dense pitch on the native InP substrate. The laser epitaxial structure contains a 1-μm-thick InGaAs sacrificial layer. A resist anchoring system is used to restrain the devices while they are released by selectively etching the InGaAs layer with FeCl 3 :H 2 O (1:2) at 8°C. Efficient thermal sinking is achieved by evaporating Ti-Au on the Si target substrate and annealing the printed devices at 300°C. This integration strategy is particularly relevant for lasers being butt coupled to polymer or silicon-on-insulator (SOI) waveguides.
Introduction
Driven by increasing global IP traffic, there are growing opportunities for III-V based semiconductor photonics components to be used in a diverse range of applications. These components need to be provided at low cost and should ideally scale in similar manner to silicon electronics. Nevertheless, due to the specific nature of individual III-V photonic components (lasers, modulators, detectors), it is highly challenging to monolithically integrate all these functions on a single substrate without compromising the performance of the individual devices [1] , [2] . Thus, in general, a heterogeneous integration approach can be an effective way to combine optimized components for different photonic integrated circuits (PICs) [3] . This would lead to the photonics components not being stand-alone but being co-integrated with different electronic and wave-guiding platforms. Silicon photonics, which is addressing many different opportunities and particularly optical interconnections for data centers, is an excellent platform for scaling photonics due to its similarity with the principles of the semiconductor electronics industry [4] - [7] . High-quality functional PICs have been realized with very high structural precision (nm scale) using large diameter (300 mm) silicon-on-insulator (SOI) wafers [8] . Due to the lack of optical gain in silicon, an amplifier component needs to be integrated with the SOI waveguide in order to provide a gain medium and enable the most functional PICs. The light from an external laser source can be coupled to a PIC using a grating coupler [9] or by butt coupling to a mode transformer [10] [11] [12] . In order to reduce the architectural complexity of PICs, III-V active components are usually integrated by flip chip wafer bonding or die-to-wafer bonding [13] . The coupons of III-V gain material are bonded directly, by molecular bonding, using a low temperature O 2 plasma-assisted surface activation or with an adhesive layer, usually Benzocyclobutene (BCB). The light can then be coupled to the waveguide by butt coupling [14] , [15] , grating coupling [16] or by evanescent coupling [17] through the use of tapers. Together with gratings on the Si this allows the realization of DBR and DFB lasers [18] [19] [20] . An alternative approach which potentially makes the heterogeneous integration faster and more scalable is the micro transfer print (μTP) technique [21] . In μTP arrays of components are released from their native growth substrate and transferred with ± 1 μm positional accuracy to a locally flat non-native target substrate. The components can then be electrically and optically integrated with other functions on the new substrate. μTP has been used to release a wide range of LEDs, lasers, detectors and photovoltaic cells onto rigid and flexible target substrates [22] , [23] , directly or with adhesive layers [24] . GaAs-based lasers have been heterogeneously integrated by μTP with pre-or post-fabrication [25] , [26] . However, for applications in the telecommunication wavelength range it is necessary to work with InP-based materials as these provide the most mature laser structures. The heterogeneous integration of an InP-based coupon to an SOI by μTP has been recently reported [27] where the light is evanescently coupled to a Si waveguide by tapers while an external light source pumps the active material to function as an LED. Another crucial issue in the heterogeneous integration of InP active elements to SOI platforms is the thermal sinking of the heat produced by the device in operation. In fact different strategies based on thermally conductive vias have been explored [13] , [28] , [29] to overcome high thermal impedances which could arise at the bonding interface or by the introduction of thermally insulating bonding layers.
In this paper, we introduce a new strategy for heterogeneous integration of InP etched facet lasers to Si substrates by using μTP. The use of an etched facet technology allows the prefabrication of the devices in standard foundry facilities and allows the cavity to be aligned independently of the crystal orientation. Efficient light coupling to a polymer waveguide can be attained by butt coupling [15] . The wafer structure incorporates an InGaAs release layer which allows the separation of the devices from their native InP substrate and their subsequent transfer printing to a silicon substrate [30] . The printed devices show continuous wave lasing in the C-band, and improved thermal sinking is achieved by introducing a metal bonding layer and a controlled annealing step in the print process.
Experimental Method
Dense arrays of Fabry-Perot lasers with up to 2000 devices per cm 2 on a fixed pitch are fabricated on the native InP substrate using lithography and anisotropic Inductively Coupled Plasma (ICP) etching techniques to form the laser mirrors together with a conventional ridge waveguide. The lasers are fabricated as rectangular coupons and are held in place by a resist anchoring system which allows them to be undercut by wet etching. Finally, the device coupons are transferred to the non-native substrate by means of μTP. The overall process flow is shown schematically in Fig. 1. 
Laser Wafer
The epitaxial structure is grown by metal organic vapour phase epitaxy with nitrogen as the carrier gas [31] , [32] . Six 6-nm-thick compressively-strained AlInGaAs quantum wells and seven 10 nm thick tensile strained barriers form the 96 nm thick MQW active region in a step index waveguide of 326 nm total thickness. The waveguide is clad by 1.5-μm-thick n-and p-doped InP. A p-doped InGaAs contact layer is finally grown. In addition, a 1-μm-thick InGaAs n-doped (1 × 10 18 cm −3 ) sacrificial layer has been included between the substrate and the n-InP cladding layer of the laser to allow the release of the devices from the native wafer by means of a selective wet etch. The n-type doping makes the InGaAs layer electrically conductive in order to evaluate the lasers on the native substrate with a contact on the substrate side before the transfer printing. The transverse mode of the epitaxial structure has a size of 1 μm with a mode overlap of 6.6% with the quantum wells. The transverse mode reaches 0.5 μm into the InP cladding layers making the mode independent of the contact layer or features on the substrate side. This strategy makes this epitaxial structure particularly adapt for transferable devices.
Laser Design And Fabrication
A nine-level lithography process has been developed to realize lasers suitable for transfer printing. The laser devices are fabricated before the transfer providing arrays of ridge-waveguide lasers in rectangular coupons with both anode and cathode on the epitaxial side (see Fig. 2 ). ICP etching of the facets allows the cavity to be independent of the crystal direction as it does not require cleaving. Initially a 10 nm /110 nm Ti/Au p-type contact metal is deposited. Next, a 2.5-μm waveguide ridge is defined. The ridge depth is about 1.5 μm and stops before the Multi Quantum Well (MQW) active region in order to control the optical confinement and losses while minimizing the current leakage. The ridge extends to the edge of the facets with a V shape so as to prevent the ridge etch from affecting the quality of the etched facet. The reduction in effective facet reflectivity due to diffraction in the taper region is numerically calculated to be 0.9%. An ICP dry etch using Cl 2 / H 2 / CH 4 chemistry defines the facets for the Fabry-Perot laser cavity together with the rectangular device coupons and an opening for the n-contact (see Fig. 2 ). The resonator length is 500 μm on every coupon. A flat evaporation of a 14 nm /14 nm /14 nm /11 nm /200 nm of Au /Ge /Au /Ni /Au defines the n-contact on the devices. The sidewalls and the facets are encapsulated with a SiN layer in order to protect the facets during the undercut and following steps of fabrication.
A low-temperature anneal at 300°C for 30 minutes was required to form a low resistance ohmic contact to the n-type InP layer. A final metal evaporation provides contact pads for electrical characterization. The resulting coupons have designs with different areas and pads geometries (see Fig. 3 and 4) , with coupon lengths in the range of 500-600 μm and widths of 40 μm and 60 μm. A final ICP dry etch through the InGaAs sacrificial release layer reaches the InP substrate. A coarse grating shaping on the release layer around the coupons provides an initial starting location to the etchant which helps to manage the initial etch front (see Fig. 3 ). Finally a 2.8 μm thick resist layer is patterned with tethers to anchor the mesas to the substrate during the undercut step. The resist anchors give an additional protective layer to the coupon encapsulation and need to withstand the etchant for the duration of the undercut. The evaluation of the capillary forces acting underneath the devices is fundamental to avoid the coupons detaching during the undercut, rinse or drying steps. The opening between one tether and the next allows the etchant to penetrate underneath the coupons. Another important feature for the anchor system is the easy breakage of the tethers to facilitate the pick-up of the devices during transfer printing while not creating debris or flaps. Different anchor systems with various tethers shapes and dimension were tested (see Fig. 4 ). The tests demonstrated the best configuration with a tethers spacing of 40 μm and 15 μm wide tethers having a tapered narrowing to 5 μm at 10 μm distance to the coupon and by using the largest foot anchoring area. These parameters provide the best adhesion to the InP substrate and a good stability during the undercut while allowing easy and clean breaking of the tethers during the pick-up step.
Undercut
Wet etching of the sacrificial layer has been investigated in order to obtain released devices with flat and smooth bottom surfaces to ensure the best adhesion of the devices on the new substrate. The etch rates along different crystal directions of the release layer and the selectivity over InP were investigated for three different etching solutions: phosphoric-peroxide, citric-peroxide and iron chloride (see Table 1 ). The experiments have been conducted on a wafer processed to create a pattern of rectangular coupons (mesas) of 500 μm in length and with different widths (from 40 μm Fig. 4 . Optical microscope images of 60 μm and 40 μm wide laser coupons having different metal probe pads arrangements and anchor geometries. The pad arrangement which is easier to be fabricated and electrically probed is on the left. The most reliable anchor system found is the last on the right, and it results in less debris formation during the pick-up and gives the highest yield of restrained device after the undercut thanks to its shrank connection to the coupon and a large foot anchoring area. to 120 μm) arranged at 45°angle [see Fig. 5 (a)] with respect to the major axes of the crystal. Such a layout allows the exploitation of the anisotropic behavior of the etchants [33] while giving an etch front that retains the rectangular coupon profile. The even evolution of the etch front reduces uneven stresses on the coupon due to capillary forces during the undercut and prevents formation of defects on the bottom surface of the coupons. The tests showed the highest lateral etch rate of InGaAs is obtained with the FeCl 3 based solution along the <010> and <001> crystal planes and is 1330 nm/min at 18°C. The selectivity, S, has been calculated as the ratio between the lateral etch rate of InGaAs and the vertical etch rate of InP along the <100> crystal planes. The best selectivity at 18°C is given by the phosphoric based solution and the FeCl 3 :H 2 O respectively at S = 787 and S = 735. Sacrificial mesas which were 5 μm longer and wider than the other coupons and without anchor system were used to monitor the etch progress during the undercut. The etch rate and selectivity were studied for temperatures in the range of 1-18°C [see Fig.  5(b) ] as the FeCl 3 :H 2 O selectivity has been reported to increase at lower temperatures [33] . A cold-tunable plate was used to keep the temperature constant during the etching with an accuracy of ±0.1°C. When the bath temperature is decreased from 18°C to 1°C the etch rate of iron chloride decreases almost linearly to 160 nm/min along the <010> and <001> planes. Nevertheless, there is an increase in the selectivity to InP by a factor 2 at temperatures between 2°C and 12°C which results in released surfaces with improved flatness and superficial roughness while also allowing the release of wider coupons. As a result the profile of a 60 μm wide coupon at the bottom has a deviation from flatness of less than 20 nm and a surface roughness S q = 2.2 nm. This allows the undercut of a 60 μm wide coupon in approximately 50 minutes at 8°C. At temperatures lower than 1°C the transport of the etchant beneath the mesas reduces and some solid residuals are generated due to FeCl 3 precipitation or ice formation affecting the etch homogeneity and the cleanliness of the sample. The precipitation phenomenon is linked to the lower solubility threshold of FeCl 3 in deionized water as the temperature decreases. The erosion of the resist tethers is negligible in the temperature range studied.
Micro Transfer Printing
A transparent PDMS elastomeric stamp is used in μTP technology to retrieve and deterministically assemble arrays of devices onto non-native substrates. This technology collects or releases the devices by simply varying the speed of the PDMS stamp according with peel-rate-dependent adhesion in viscoelastic elastomers [21] , [22] , [34] , [35] . The 3.5-μm-thick laser coupons were transferred onto the target substrate at temperatures in the range of 18 − 110°C. The highest yield of correctly printed devices is obtained at the highest temperature. Printing temperatures higher than 110°C cause the resist to reflow which could affect the printing. The laser devices were printed on glass, silicon and gold coated silicon substrates [see Fig. 6(a) and (b) ]. The printing on glass allowed monitoring of the flatness of the bottom surface of the coupons and the bonding to the substrate in order to optimize the process parameters. When the surfaces are sufficiently flat, no shadowed areas or interference fringes are visible through the glass. In this case the coupons are bonded to the substrate by van der Waals forces which are strong enough to permit subsequent processing steps and electrical probing without having the coupons moving from the original site. For the adhesiveless printing employed here a deviation of flatness of more than 30 nm results in a lower yield of printed devices by reducing the contact area between the device and the substrate. This would lead to a decrease in the thermal sinking and in the adhesion. The best device performances were obtained by a further improvement in heat sinking achieved by depositing a Ti/Au (10 nm/100 nm) layer onto the Si substrate prior to the transfer. After the printing step the resist is removed by oxygen plasma and solvents.
Results
Electro-optical tests of the devices before and after the transfer print determined the laser performance and the variation introduced by the transfer onto different substrates. The voltage current (V I) and the light current (LI) measurements were performed both in pulsed and continuous wave modes. The light power was detected by placing a 3 mm diameter Ge detector a few mm from the facets of the printed lasers and maximizing the light collection by adjusting the detector position with a movable stage. In this configuration it is possible to collect a portion of emitted light which approximates the LI characteristic of the device.
The lasers before transfer have a threshold current, I th , of 45 mA and resulting threshold current density J th at 600 A/cm 2 per quantum well, at room temperature (18°C). J th is about three times higher than that of similar cleaved facet devices. This can be ascribed to a low reflection at the facets due to SiN coating being thinner than λ/n which reduces the mirror reflectivity. It should also be noted that there is an important role played by the release layer in heat sinking as InGaAs has a thermal conductivity σ(InGaAs) = 0.05 W cm −1• C −1 , which is about one order of magnitude lower than σ(InP) = 0.68 W cm −1• C −1 and thus the InGaAs acts as a thermal insulator layer increasing the thermal impedance of the devices on the native substrate. The increased heating and low reflectivity results in the devices operating only in pulsed mode (duty cycle D = 0.1%, T = 500 μs) before transfer.
The lasers printed on plain Si have I th of 45 mA at 18°C, in pulsed mode. In this case it is possible to use duty cycles up to two orders of magnitude higher than the case for devices on the native substrate. The improved performance is most likely due to the increased thermal sinking associated with the removal of the InGaAs layer. The thermal conductivity of silicon σ(Si) = 1.3 Wcm −1°C−1 is about twenty six times higher than σ(InGaAs). Moreover, finite element simulations reveal that is possible to take advantage of the increased thermal conductivity of the new substrate when the distance between the heat-generating layer and the substrate is less than 3 μm [36] . Here the separation between the MQW region and the Si substrate was 1.5 μm. The printing of the lasers on the Au coated Si introduced a net improvement in the thermal sinking allowing lasing in continuous wave mode (Fig. 7) . The improved thermal sinking with the Au layer having a higher thermal conductivity than Si, σ (Au) = 3.14 W cm −1• C −1 . The quality of the bond can be improved by thermal annealing at 300°C. I th was around 45 mA at room temperature and varies from 50 mA to 80 mA for a change in the stage temperature from 20°C to 45°C. The value of the characteristic temperature, T 0 , of the threshold current is calculated to 57.5 K.
The emission spectrum was collected by using a multimode fiber positioned at few millimeters in front of the lasers which were printed on Au coated Si. Fig. 7(b) shows the main emission peak at 1542 nm at room temperature. The free spectral range of the resonator λ is given by λ 2 0 /2nL , where n is the group index in the resonator, L is the cavity length, and λ 0 is the light wavelength. The expected λ for L ∼500 μm is in agreement with the measured value λ exp = 0.66 nm.
Conclusion
We have demonstrated the key processing steps for the release of InP-based etched facet ridge lasers from the donor InP substrate and the μTP to Si substrates with and without metal bonding layers. Lasers printed on Au coated silicon are shown to operate in a continuous-wave manner up to 45°C. The performance can be improved by engineering the reflectivity at the facets. The electrooptical characterization shows that a significant challenge is in managing the heat dissipation from the printed lasers to the substrate. The annealing of the coupon at 300°C improves the adhesion to the target substrate while providing an excellent thermal sink and consequently low thermal impedance to the devices. This reduces the complexity of the integration given by the use of adhesive layers as, for example, BCB, which requires the engineering of thermal vias to overcome its low thermal conductivity of 0.0029 Wcm −1°C−1 at 25°C. The optical mode of the epitaxial structure has minimal interaction with the new substrate facilitating the use of the etch facet technology while making the devices suitable for transfer printing. The etched facet configuration permits new geometries which can be suitable for easier heterogeneous integration of InP lasers on PICs. The laser light output can be subsequently coupled directly to polymeric waveguides using lithographic techniques or it can be down-coupled to Si waveguides by appropriate engineering of tapers. This work shows that μTP is a suitable technique for wafer-scale integration of high-performance InP lasers onto Si and other substrates. The stamps can be designed to transfer hundreds to thousands of discrete coupons in a single pickup and print operation. The μTP technique is not sensitive to the wafer-size mismatch problems or the need for large flat regions as required for wafer bonding. In addition, multiple prints can be employed to transfer many different device types leading to versatile integration strategies. These features position μTP as one of the main techniques for heterogeneous integration of III-V to Si.
